Abstract: Ordered p-columnar structures found in covalent organic frameworks (COFs) render them attractive as smart materials.H owever,e xternal-stimuli-responsive COFs have not been explored. Here we report the design and synthesis of ap hotoresponsive COF with anthracene units as the photoresponsive p-building blocks.T he COF is switchable upon photoirradiation to yield ac oncavo-convex polygon skeleton through the interlayer [4p+ +4p]c ycloaddition of anthracene units stacked in the p-columns.T his cycloaddition reaction is thermally reversible;h eating resets the anthracene layers and regenerates the COF.These external-stimuli-induced structural transformations are accompanied by profound changes in properties,including gas adsorption, p-electronic function, and luminescence.T he results suggest that COFs are useful for designing smart porous materials with properties that are controllable by external stimuli.
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Materials with structures that are transformable in response to external stimuli, such as light, heat and pressure, are attracting increasing attention because of their broad applications in various fields.I np articular,w hen the structural transformations are accompanied by changes in physicochemical properties,t hese materials are considered "smart" and "dynamic" and can function as stimuli-responsive materials.T wo-dimensional covalent organic polymers (2D COFs) and their layered covalent organic frameworks (COFs) are ac lass of crystalline porous polymers that allow atomically precise integration of organic units into periodic columnar p-arrays and ordered one-dimensional (1D) open channels. [1] [2] [3] [4] [5] [6] [7] The p-units in 2D COFs not only constitute pcolumns that control the electronic functions but also shape the channel walls that form the interface for the adsorption of gases. [2] [3] [4] Thei ntegration of stimuli-responsive p-units into COFs is likely to yield structurally dynamic frameworks in which the structure can be transformed upon external stimulation. However, a" smart" COF is unprecedented and the possibility of structural transformation is to be exemplified.
Herein, for the first time,w er eport ap hoto-responsive, structurally dynamic COF.T he photo-responsive 2D COF (Figure 1a ,Ph-An-COF) was synthesized by condensation of 2,3,6,7-tetrahydroxyanthracene and 1,3,5-benzenetriboronic acid under solvothermal conditions in 92 %i solated yield (Supporting Information, Tables S1-S4;F igures S1-S3). PhAn-COF consists of ordered 1D channels that are 2.9 nm in diameter and periodic p-columns with benzene vertices and anthracene edges,i nw hich the anthracene units function as photo-responsive building blocks (Figure 1b-d) . Thermogravimetric analysis revealed that Ph-An-COF did not show decomposition up to 400 8 8Cu nder nitrogen ( Figure S2 ). PhAn-COF exhibits an X-ray diffraction (XRD) profile with prominent peaks at 3.04, 6.02, 6.72, 8.81 and 26 .38 8,which are assigned to the 100, 110, 200, 210 and 001 facets,respectively ( Figure 1e ,b lue curve). Thep resence of a0 01 facet at 26.38 8 corresponds to a p-p stacking distance of 3.4 , indicating that molecular ordering occurs along the direction perpendicular to the 2D planar sheets.Pawley refinement generated an XRD profile (black curve) that reproduced the experimentally observed curve,a sevidenced by their negligible difference (dotted black curve). Structural simulations with an eclipsed AA-stacking structure generated an XRD curve (green curve) that is consistent with the experimental profile. By contrast, the staggered AB mode (orange curve) could not reproduce the experimental result. These XRD results indicate that Ph-An-COF is ac rystalline material with 1D mesopores and ordered anthracene p-columns ( Figure 1b) .
Theanthracene columns in Ph-An-COF are configured in af ace-on-face p-stacking mode with av ertical interlayer separation of 3.4 b etween two anthracene units.S uch astacking mode,together with asuitable distance (< 4.2 ), [8] is favorable for photoinduced [4p+ +4p]c ycloaddition. As shown in Figure 1c ,photoinduced [4p+ +4p]anthracene cycloaddition is asymmetrically allowed reaction that occurs at the 9-and 10-positions of anthracene (An) and forms concavoconvex-shaped cycloaddition dimers (An CD ). Thec ycloaddition results in ad ecrement of aromaticity because the extended p-system is broken in the dimer ( Figure 1c ,i nset), whereas ad irect single C À Cb ond of 1.54 c onnecting the two units gives rise to ad rastic conformational change, resulting in ashortened distance between the central portions of the dimeric molecules and in expanded spatial separation at both ends (C-to-C distance of 4.7 ). This cycloaddition reaction is thermally reversible,r egenerating two planar anthracene units ( Figure 1c ).
With these results in mind, we prepared films of Ph-An-COF by in situ polymerization to deposit aP h-An-COF film (thickness 242 nm) onto aq uartz substrate (Supporting Information). Ph-An-COF exhibited two strong electronic absorption bands at 278 and 373 nm;t hese bands were assigned to the n-p*a nd p-p*t ransition bands of the anthracene units,respectively (Figure 2a ,blue curve). Irradiation of the film under Ar with 360 nm light using ax enon lamp through ab and-path filter (360 AE 10 nm) caused the intensity of the absorption bands at 278 and 373 nm to decrease because the cycloaddition reaction disrupted the pconjugation of the anthracene units.
[8] By contrast, the intensity of the band at 305 nm, which was assigned to the n-p*t ransition band of the cycloaddition dimer,i ncreased. These spectral changes occurred in conjunction with the appearance of clear isosbestic points at 289, 325 and 410 nm, which indicate that the cycloaddition reaction is free of side reactions and proceeds cleanly to form the cycloaddition dimers without any byproducts.W em onitored the cycloaddition reaction using time-dependent electronic absorption spectroscopy.Aplot of absorbance versus time yielded al inear curve (Figure 2a,i nset) ;t he reaction was first order,w ith ar ate constant of 4.1 10 À3 min À1 .A ll of these spectral changes indicate that Ph-An-COF is responsive to irradiation, which triggers the cycloaddition of the anthracene units in the p-columns,thus transforming the planar 2D sheets into concavo-convex polygon skeletons (Figure 1d ,Ph-An CD -COF). We hydrolyzed the photogenerated Ph-An CD -COF samples and conducted 1 HNMR spectroscopy,w hich confirmed the production of only cyclic anthracene dimers ( Figure S4 ). On the basis of the proton integrations,t he photostationary state of the [4p+ +4p*] cycloaddition was calculated to be 47 %dimers,which is similar to the values of other anthracene systems reported to date. [8] TheX RD patterns of the photoirradiated COF samples (Figure 2c ,r ed curve) were similar to that of Ph-An-COF (blue curve), with similar peak positions of the 100, 110, 200, 210 and 001 facets.P hotoirradiation stimulated ac ycloaddition-induced structural transformation, whereas the crystallinity of the polygon skeletons was retained (Figure 2c ). The observed decrease in the intensity of the XRD peaks is likely to be related to the fact that the concavo-convex polygon skeletons have arelatively flexible conformation, which leads to weak X-ray diffraction.
Thealignment of building units along the c-axis in Ph-An-COF constitutes 1D mesoporous channels,i nw hich the channel walls may serve as an interface for gas adsorption. Thec hannel walls of the concavo-convex polygon Ph-An CD -COF differ from those of the Ph-An-COF.A sr evealed by nitrogen sorption isotherm measurements,t he photoinduced structural transformation is accompanied by ac hange in gas storage capability.F or example,P h-An-COF exhibits typical type-IV curves,w hich are characteristic of mesoporous materials (Figure 2d ,b lue curve). TheB runauer-EmmettTe ller (BET) and Langmuir surface areas were evaluated to be 1864 and 2782 m 2 g À1 ,r espectively,w hereas the pore size and pore volume were calculated to be 2.9 nm and 1.24 cm 3 g À1 ,r espectively (Figure 2e and S5), using the nonlocal density function theory (NLDFT) method. Thep hotogenerated Ph-An CD -COF samples exhibited type-IV sorption profiles (Figure 2d ,red curve) along with BET and Langmuir surface areas of 1456 and 2142 m 2 g À1 ,respectively.Inrelation to this observation, the pore volume decreased to 1.08 cm 3 g À1 ( Figure S4 ). Notably,t he pore size distribution profile revealed that the photo-generated Ph-An CD -COF consists of only one type of mesopore,w ith ap ore size of 2.9 nm (Figure 2f and S5 ). This result is reasonable because the anthracene Unit, purple:cycloaddition dimer of anthracene).e)XRD patterns of Ph-An-COF: experimentally observed (blue curve), Pawley refined (black curve), their difference(dotted curve), the patterns simulated using the eclipsed AA (green curve) and staggered AB (orange curve) stacking modes.
Angewandte
Chemie irradiation mainly causes the structural transformation along the c-axis,w hereas the pore diameter is less affected. Thep hotoinduced structural transformation significantly affects the p-electronic properties of the samples.P h-An-COF is highly blue-luminescent, exhibiting an emission band centered at 429 nm, as ar esult of excimer emission of the pstacked anthracene units ( Figure S6 ). Thea bsolute fluorescence quantum yield of the Ph-An-COF solid samples was evaluated to be 5.4 %. Irradiation of Ph-An-COF caused am onotonic decrease of the fluorescence intensity because the resulting cycloaddition dimers were not luminescent. Time-dependent spectral changes revealed that 42 %o ft he anthracene units in Ph-An-COF was transformed into dimers in the photostationary state,which is consistent with the value calculated on the basis of the electronic spectral changes.
Theresults show that the changes of properties,including the porosity, p-electronic absorption and luminescence,a re dramatic and correlate with the structural transformation induced by irradiation. Reversibility of such properties is highly desired for wide applications of this type of materials and thus we examined its reversibility.T ot est the possibility of thermal reversibility,w eh eated the photo-generated PhAn CD -COF samples at 100 8 8Ci nt he dark and observed that the dimers returned back to the anthracene units.E lectronic absorption spectroscopy confirmed that the cycloaddition dimers were thermally transformed into anthracene units, showing enhanced absorbance at 278 and 373 nm with clear isosbestic points (Figure 2b ). This spectral change also reveals that the thermally induced recovery of anthracene units was nearly quantitative.F rom the time-dependent profile (Figure 2b,inset) , the reaction was determined to be in first order, with ar ate constant of 1.3 10 À3 min À1 .T ime-dependent fluorescence spectroscopy also suggests that the fluorescence of the anthracene excimer was recovered upon heating ( Figure S6 ). Nitrogen sorption isotherm measurements revealed an enhanced BET surface area of 1684 m 2 g
À1
( Figure 2d ,b lack curve). Thep ore size and pore volume were evaluated to be 2.9 nm and 1.14 cm 3 g
,r espectively (Figure 2g and S5 ). XRD profiles demonstrated that the COF samples recovered the intensity of the peaks while retaining the original diffraction patterns (Figure 2c ,b lack curve). These observations indicate that thermal stimuli enabled the regeneration of Ph-An-COF.N otably,c ycle performance tests revealed that the external-stimuli-responsive transformation is repetitive (Figure 2h and Figures S7,  S8) .
Theanthracene units stacked in the p-columns of Ph-An-COF are responsive to irradiation, which induces interlayer [4p+ +4p]c ycloaddition reactions,c auses conformational changes of the p-columns,a nd triggers as tructural transformation of the layers.T hese photoinduced hierarchical transformations are reversible by virtue of the thermally allowed reversibility of the cycloaddition reaction. Notably, the structural transformations are accompanied by profound changes in properties and functions,including gas adsorption, p-electronic adsorption and luminescence.O ur results demonstrate the first example of photoresponsive structurally dynamic COFs and suggest that COFs could be designed as "smart" materials whose gas adsorption, molecular storage, sensing,a nd semiconducting properties are controllable by external stimuli.
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